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Abstract—We have developed anaccurate ac and

dc bipolar voltage source based on thequantized
pulses of Josephson junctions. A factor-of-6
increase in output voltage over previous unipolar
waveforms is achieved by generating bipolar

waveforms where arrays of junctions are biased with
both a broadband two-level digital code and a sine
wave. We use simulations to determine theoptimum
operating conditions as a function of frequency and
as a function of the phase difference between the
digital code and the sinusoidal drive.
. INTRODUCTIONL

In this paper we describe method for generatingccurate
ac and ddipolar voltagewaveformsusing pulse-quantizing
Josephson junctions. Thaccuracy ofthe bipolar voltage
source is based on tliact that everyvoltage pulsegenerated
by a Josephson junction hastime-integratedarea that is
perfectly quantized. Anumber of circuit designausing

Josephson junctionshave been proposed for generating

accurate awoltage waveforms [1]-[6]Potential applications

of accurate voltage sources include: (1) generation of digitally

synthesized asignals withcalculablerms voltagesand high
spectral purity, (2) characterization ofD/A and A/D
converters, and (3) calibration of dc andreference standards,
power meters and voltmeters.

We generatebipolar voltages by driving ararray of
Josephson junctions with @&ombined input waveform
consisting of both a two-levédroadbanddigital code and a
single-frequencysinusoidal drive.Combining the sinewvave
with the digital code input enables thedirect control of
individual pulses of both positivend negative polarity. Our

codesignal and the sinusoidaldrive, and wediscuss issues
related to the optimum junction characteristics.

Il. BIPOLARVOLTAGE GENERATION

When biased with a sinusoidal microwave signal
| Sin(2rft), with frequencyf andamplitudel,,, a Josephson
junction exhibits constant voltage stepsVat= n®f. The
flux quantum®, = h/2e is the ratio of Planck's constant and
twice the electron charge. Thessteps are shown in the
junction voltage-current curve d¢fig. 1. The step voltage is
the time-averaged value of many junction voltage pulses. The
guantum step number = -1, 0, or +1corresponds to the
numberand polarity of quantizedvoltage pulseger period
1/f. The time integral of every pulse is precisetual to the
flux quantum. The step voltage is constant ovecuaent
rangethat depends on theine wave amplitudeand frequency.
For anarray ofN junctions, thetime-averaged deoltage of
the nth step isNV,.

Fig. 1. Simulated voltage-current curve ofiausoidallydriven resistively
shunted Josephson junction with constant voltage steps.

Bipolar pulse-quantized waveformare generated birect
control ofindividual pulses of both polarities, such as those
on the # and -1 steps. Theamplitudeand frequency of the

previous pulse-driven source [4], [5] used only the digital cod@nusoidal drive are adjusted to maximize the current rahge

generatorinput signaland was therefore limited to single
polarity pulsesand unipolar voltage waveformsBipolar

output voltages can be 6 times higher than unipadétages
using a digital codgeneratomwith the same clockequency.
We have experimentallgenerated &ipolar +18 mV, 5
kHz sine wave and demonstratedthat pulse quantization
reduced the quantization noise powentfin-band harmonics
to 80 dB below the fundamental [1].

of the inth steps. Thevoltage-current curve ifrig. 1 shows
the maximized current range fon 1 when thedrive
frequency is equal tahe junction's characteristicfrequency
f. = I.LR/®,. I, is the junction criticalcurrentand R is the
junction resistance. Theenter ofthe current range okach
step is selected by appropriately choosing bias currénts +
In this paper we determinghe current range of constant
voltage steps using a simulatianethod which hasheen

In this paper, simulationsre used to characterize thedescribedpreviously [7], [8]. The methodsearchesfor a

optimum operating conditions, in particular, theutput
current range. We focus othe case wherethe sinusoidal
frequency is3/2 times the digitatode clock frequency. We
determinethe optimum phasedifference betweenthe digital
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periodicsolutions of the resistivelghuntedjunction model.
The range of ddias currents over which periodic solution
exists determines the current range.

For the above examplewheren = 1 andf = f, the
maximum current ranghl, = 1.02, of then = 1 stepoccurs
when the amplitude is,. = 2.17.. The biascurrents of the
step centers arel = +1.07.. If the biascurrent isset to the
high H, level for exactly one period, then single pulse
occurs with a positive voltage polarity. If the bias is set to



the low -+, level, then a negative polarity voltage pulse

occurs foreachperiod. Consecutivgositive and negative

polarity pulses are generated by alternately switcbietgveen

these two levels akach period insynchrony with the o

sinusoidal drive, yielding a time-averaged voltage of 0. cay =TT T TP UTNUTLIAN AT _T_Ta
Time-averaged voltages between the valués & and v, s

are generated byepeating periodicsequences opulses of

appropriate numberand polarity. The appropriate pulse G w-{Rigoritm| = Seneratd [[TITF
sequences are created by using a digitdethat specifies the e =

o . : . o) S5

timing of the high +, andlow -, currentbiases. Thenput - “Anaiog | [Josephsol AC Bias
and output waveformsare shown in Fig. 2for a specific ¢ Eiter | |ouantzer A

pattern of high (1)andlow (0) biasescorresponding to a

011101 bit pattern. If this six-bipattern is continually

repeatedthen a neincrease oftwo positive-polarity pulses

occurs foreach period othe pattern yielding a voltage of

®,f/3. In general, any dc voltage-QV,/(p+Q) can be Fig 3. (a) A two-level high-speed bias corresponding tedibital code of
generatedusing a digitalcode with p 1's and q 0’s. The a synthesized sine wave S'. (b) A block diagram of the synthesized bipolar
current rangeAl of the constant voltages steps fmriodic ~VOltage source based on a Josephgarction pulse quantizer. “C”

digital codes arealso found by searchingfor periodic designates the directional coupler.
so%utions y 9 P Figure 3(b) shows a bloattiagram ofthe methodused to

synthesize a sinwave of frequencyf, or any other bipolar
periodic waveforns(t) using quantized pulses. The modulator
algorithm is a computer program that digitizes thput
waveform and creates adigital code S(i) of length N, at a
samplingfrequencyf.. The digital code generatormre-creates
this two-levelcode as ipolar output voltage ineal time
S(t) by clocking its memory at the samplifigquency. The
two-level high-speed code is combined with a sinusaidet

of frequencyf using adirectionalcoupler, indicated by“C”.
The combinedsignal isused to currenbias the Josephson
guantizer consisting of either a single junction oraemay of
junctions. A three-pole low-pass Butterworth filterused to
remove unwanted quantization noise from the spectrum of the
guantizeroutput signalS,(t), leaving thedesired waveform
S'(t) = S(t) Knowledge of the digital code, the drive
frequency,and the number of junctions in tharray is

_ , _ _ sufficient to precisely calculate the output waveform.
Fig. 2. Simulated input and output waveforms for an example 6 bit code. (a)
Sinusoidal drive currerit (t)/I, of frequencyf = f, (m = 2) [+5 offset]. (b) Ill. SIMULATED OPERATING CONDITIONS

Digital code biad(t)/l.. (c) Time-dependenjunction voltageV(t)/(I.R) Optimal generation of bipolar voltageaveformsrequires

showing quantized voltage pulses of different polarity [-5 offset]. ific f doh lati hibsh h
Similarly, time-dependent periodicoltage waveforms are specific frequency andphase relationshipsoetween the
sinusoidal and sampling frequencies. The sinusoidal

synthesized by repeating more complex bit patterns péak : ; .

amplitude of these bipolar agaveforms isV,. Figure 3(a) g:g]u?.r;cyfrsehoggcb? ait ?Tr]?j'zselyhr;?g't'ﬂgegﬂ;“zlfns] Zf t;e

shows an example of how a sin@ve is generatecusing a SonPINg requencyt = mijz, w Integ 2 <

two-level digital code. The sine wave peak amplitude Figure 2 shows the junction input currents and output voltage

corresponds tothe highest density ofl’s. The nodes {;” trt1en:— 2 %a?ﬁ \;Vft'ﬁrét_rf;’ fiti_rflc, a?dt:]he tf/)vhaflse\iéoi]; tlhe

correspond to an equal density of 1's and 0’s. puts are suc at the transitions of the two-le yital
code occur at nodes dfe drive frequencySimulationsshow
that this is the optimunphase alignmenbetweenthe two
inputs. The minimumcurrent rangel(= 0.93, for all input
codes occurs for the repeated 01 pattern, wbickesponds to
0 output voltage. Optimization of theurrent rangewill be
described below in more detail for time= 3 case.
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Fig. 4. Input and output waveforms far = 3,f = f.. (a) Clock signal [+4
offset]. (b) Digital code signall /I, and pattern. (c)Sinusoidal drive

1, (t)/I, [-4 offset]. (d) “In-phase” combined input current [-10 offset]. (e)

“Out-of-phase” combined input current with sine wave phase shii8ed
[-16 offset].

There arawo distinctly differenttransitions in Fig. 2. At
the 1-to-0 transitionsft = 4 and 6,the digital code signal

150

| ‘ |
60 9 120
Sine Phase Shitp
Fig. 5. Current rangAl/l , vs. sine wave phase shiftrelative to thedigital
code signal fom=2andm=3,f =f,n= 1,1, = 2.1, #l, = £1.071,
and the periodic 01 pattern.

Figure 5 shows how theurrent range fothe periodic 01
pattern varies as the sim@ave shifts in phasep relative to
the digital code. Both then = 2 and 3casesareshown. The
sine frequency is equal tthe characteristidrequency { = f.)
andbiasesareset forn = 1 operation. Botltasesshow that
the current range decreases to 0 whersthewave is shifted
by 90°. However, theurrent range issymmetric about 90°
for them = 2 case but not fan = 3. The in-phaseg@(= 0) m
= 3 case has a 25% larger current rane ((.16,) for the 01
pattern than then= 2 case ((= 0.93,), but theout-of-phase
case @ = 180) is 11% lower [(= 0.83,). This suggests that,
at least for the 01 pattern, steeglppedtransitionsdecrease
the current range of the device.

[N
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o

decreases, approximately canceling the rising slope of the sindV€xt, we investigate theurrent range at foudifferent
wave. However, at the O-tottansitions,ft = 1 and 5, the Voltages for both in-phasand out-of-phase codes:igure 6
sine wave and the digital code are both increasing resulting $A0Ws thecurrent rangevs. voltagefor nine digital codes
a slope muctsteepetthan the slope of the sine wave. Thigvherem= 3,f=f; andn = 1. Note that shifting theattern

steepersloperequiresthe junction torespondmore quickly
and may lead to decrease ircurrent range.Fortunately, we
can removall steeplyslopedtransitions by using apecific
phase and code configuration for the- 3 case.

The input waveforms forthe m = 3 case,where the
sinusoidalfrequency is3/2 times the clockrequency, are
shown in Fig. 4. For thisrequency,all of the steeply rising
edges are removed from the inpotde byseparating theode
into three pairs of consecutivgts, Low (00),Medium (01),

and High (11). Requiring the Medium level to always be 01
and never 10 breakshe symmetry of the waveform. An

examplecode andts corresponding waveforrare shown in

by one bit is equivalent to a 180° phasshift, which

corresponds to an out-of phase inpiveform. Thein-phase
m = 3 caseéhas alarger maximum current range foall bit

patterns ((,..= 1.02,) than both the out-of-phase= 3 case
((lmax = 0.83,) andthem = 2 case ((,. = 0.93,). The in-

phasem = 3 case is therefore the optimunode of operation
for the bipolar sourceand the all 1's (111111)pattern

determinesthe maximum operatingcurrent range, which
corresonds to the = 1 step width.

IV. PRACTICAL IMPLEMENTATION

Sinusoidaldrive frequenciesnuch higher than thelock
frequency n > 3) are possible, but it is likely that thesll

Fig. 4(b) with the Low, Mediumand High pairsindicated. 3|50 havemaximum current ranges wherthe relativephase
The combined input current when thede andsinewave are 50 code arechosen to minimize the number afteep
“in-phase” is shown in Fig. 4(d). Note thilereare no steep ransitions. Realistically,however, the code generator's
transitions. However, if thesine wave is phase shifted by physical rise timelimits the maximum sinusoidal drive
180°, that is, the‘out-of-phase” casethen all of the frequency sothat m < 3 will be the typical operating
transitions are steeply sloped as shown in 4(e). Note that fhdition. Note that our simulations do natke finite rise
junction is pulsing twice as oftefor the 01 pattern in the times of the digital code transitions into account.
out-of-phase case than the in-phase case. Experimental current ranges using a real digital apeteerator
with finite rise time will probably belower than those
determined here.
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The generation of bipolavaveforms isdifferentfrom the _ . - .
! . . Fig. 7. Maximum outputcurrent rangeAl, /I, digital code biascurrent
generation of UmpOlawavefC_)r.mS [5] Unl_polar Waveform 1/(1.Q), and total ac and dc input power as functions of sieguency Q
generation does not use additionalsinusoidal drive, so the =f/f. n=1andm=3.

digital code generator creates pulses of a single polarity with &y, the characteristic frequency fixed, we caw choose
code that returns to 0 every other bit. The maxinp@ak10-  yhe critical current. Since the maximuourrent range is
peak unipolar voltage is thus limited mw,fJ/2. For bipolar ,hqrtional to the critical current, should be as large as
waveforms, the pulse polaritgnd digital code donot have  qsgiple for the lowessensitivity to system noisand the
these limitationsyielding a maximumpeak-to-peak voltage |5rgest possibldoad current. |, can be constrained by either
of mnf{®d,. Thus, fo_r a codgeneratowith a fixed maximum on-chip heating from inpupower dissipation or by the
clock frequency, bipolar voltages can ve @mes larger than 50 mA maximum biascurrentsthat can be supplied to a

uniphola;_vo:tages. bel ined he i . 50 Q transmission line by thbroadband codgenerator. The
The final parameters to beletermined aréhe junction  5mpiitude of the sinusoidalrive is usually not dimitation,

critical currentandcharacteristic frequencMany issues are gince it is relatively easy to amplify aingle-frequency
involved in determining these values, including junctionj, sgidal signal aspposed tothe broad bandsignal of a
teqhnolqu and “’?'fo”“'.ty’ pn—ch|p powdrssmatlor),po_wer digital code generator.Finally, the Josephsomenetration
uniformity to junctions distributed along a transmissiore, length, can limit the maximum junction criticalurrent and

system current noise, and current loading of the systbem o "5g50ciated maximum current range. Kautz [11] has shown
used as aoltage source. As shown above, the Maximurgat the maximum critical current for a square junctioareé
current range for all patterds,,/I. for then=1,m = 3 case (4) y js about 10 mALarge uniform arrays of Nb-PdAu-Nb
is equivalent tothe maximumcurrent range fothe n = 1 ;hctions with critical currents up to 10 mA havéeen

constant voltage step of a sinusoidaliyenjunction. This  tapjcated for programmable voltag&ndardapplications [3],
maximum current range and correspondings conditionsl( [12].
andl,;) areplotted inFig. 7 as dunction of thenormalized  * the following procedurecan be used teexperimentally
sinusoidal frequencyQ = /f.. For sinusoidalfrequencies nimize the bias conditions for the bipolar voltagiendard
greater than the characteristic frequ.e.ncy, the maxicwment ¢ rce operating at maximum output voltagd/, (n = 1):
rangeremains on theorder of the critical current QI = 10), (1) Find the fastest digitalodegenerator availablée.g.f, =
while the biascurrents increase irproportion with the 1, GHz). (2) Fabricatfinctions withf, = 1.5.. (3) Set the
frequency [, ~1.Q andlacz 2£). . sinusoidal frequencl= 1.5,. (4) Adjustl,. to maximize the
The above analysishows that significantly more total ac , — 1 step voltage. (5) Using an all Xede,adjust +, so
and dcinput power (,* + 1,/2)R is required tooperate at a1 the current range of tine= 1 step iscentered orthe zero

higher frequencies.For example, 5.2 dB mor@ower is current axis. (6) Using an all O's code. adiustse that then
required tooperate aQ2 = 2 than atQ = 1 for only a 10% _ - 6) 9 » adjus

X X ; . X = —1 step iscentered orthe zero currentaxis. (7) Find in-
increase in currentange, assuming the junctiomave the  ,aqe operation using the periodic 01 pattern by adjusting the
same parameters. Secondly, Kautz [8pncluded that

L . ) - . relative phase betwedhe codegeneratorand the sinusoidal
nonhysteretic junctionshave maximum  stability against g, ;rce until thecurrent range ofhe 0 V step isnaximized.
noise-induced phase slippage when the sinusbietlency is  go qware that the current rangleould be 0 ap = 90°and a

in therangeQ = 1-3. Finally, Borovitskii et al[10] .h.ave lower relative maximum should occurg@g 180°.
shown that theyreatest tolerance aftep position tocritical V. CONCLUSIONS

current variation in arrays is obtained far= 1. This is also
apparent from the frequency dependence of the bias conditionsWe determinedhe optimumoperating conditions for the
Thus for optimum power, uniformity,and stability, the bipolar voltagestandardsource. Through simulations we
characteristidrequencyshould be approximatelgqual to the foundthe relativefrequencies anghases betweethe digital
sinusoidal frequency. codesignal andthe sinusoidadrive that yield the maximum
operating current range. Weprovided a recipe for



experimentally optimizing the bias conditions. We alsd®]
determinedthe optimum biascurrent amplitudes for these
conditions. Finally, we discussed relevant criteria for
choosing the optimum junctiorparameters for bipolar [6]
operation.
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